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Signatures of organic molecules in the environment are widely used to 
identify microbial metabolic processes and to track the cycling of carbon. The 
lipid biomarkers of methane cycling archaea are of particular interest as they are 
unique, preserved over geologic time scales, and reflect processes that impact an 
important greenhouse gas. Their isotopic compositions have been used to 
distinguish regions where archaea produce and anaerobically consume CH4. 
Previous work has demonstrated that energy availability impacts the stable 
carbon isotopes of CH4 during microbial synthesis from H2 and CO2. Here, we 
investigated whether this relationship could be extended to lipids and amino 
acids. 
The isotopic distributions of carbon metabolized and synthesized by the 
hyperthermophile Methanocaldococcus jannaschii were quantified following 
growth at 82°C in a chemostat with high (~80 µM) and low (15-27 µM) H2 
concentrations. The stable carbon isotope fractionation factors for CH4 were 
>15‰ larger in low H2 experiments than in high H2 experiments. Lipid 
biomarkers and amino acids were similarly impacted, with approximately 10‰ 
larger fractionation factors under low H2 conditions. Simultaneously, substantial 
changes were observed with the relative amounts of carbon shunted to catabolic 
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(CH4) versus anabolic (amino acids, lipids, biomass) pathways. These data can be 
used to assess the underlying mechanisms that determine the isotopic 
composition of long-lived biomarkers and, therefore, provide constraints for 
interpreting these signatures in the environment.
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Methane cycling archaea play a crucial role in the Earth’s carbon cycle and 
their activity impacts current and historic greenhouse gas emissions. Methane 
(CH4) is an important greenhouse gas that contributes to modulating the Earth’s 
temperature (IPCC, 2013). Methanogenesis carried out by methanogenic archaea 
in the sediments is one of the major sources of CH4 (Kirsche et al., 2013) and is 
estimated to be 7 – 25% of global annual production (Knittel and Boetius, 2009). 
Most of this biogenic CH4 (>90%) is oxidized anaerobically within marine 
sediments by CH4 cycling archaea operating their metabolic pathway in reverse 
(Reeburgh, 2007; Knittel and Boetius, 2009). Distinguishing between regions 
where methanogenesis and methanotrophy occur can therefore provide insights 
into the source and fate of CH4 in the environment.  
Compound specific isotope analysis (CSIA) is a valuable tool for 
identifying microbial metabolic processes in complex environments. The isotopic 
signatures of individual organic molecules reflect both the original carbon source 
and discrimination during synthesis reactions (Hayes, 2001). The isotopic 
signature of lipids exclusively synthesized by CH4 cycling archaea have been 
used to identify regions of anaerobic oxidation of CH4 (AOM) (Hinrichs et
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 al., 1999; Elvert et al., 1999; Thiel et al., 1999; Pancost et al., 2000). Because CH4 is 
typically extremely isotopically negative in sedimentary environments (-90‰ to -
50‰; Whiticar, 1999), very negative isotopic values of lipids (-128‰ to -60‰) 
have been attributed to AOM (Hinrichs et al., 1999). It has been pointed out, 
however, that such lipid isotope values could potentially be attributed to 
methanogenic archaea if the initial CO2 source is somewhat negative and if the 
fractionation factor between CO2 and lipids is substantial (Alperin and Hoehler, 
2009). 
To address this possibility, the fractionation factor of lipids synthesized by 
methanogenic archaea under real-world environmental conditions must be better 
constrained. Previous work has shown that growth conditions such as substrate 
availability, pressure and temperature can influence the fractionation factors 
expressed by microorganisms (Conrad, 2005). The fractionation between 
substrate and product has been shown to be smaller when cultures are grown at 
higher temperatures (e.g. Games et al., 1978; Fuchs et al., 1979; Botz et al., 1996; 
Summons et al., 1998). Smaller fractionation factors also result when metabolic 
processes such as CH4 are synthesized at higher pressures (40,000,000 Pa; Takai 
et al., 2008).  
Surprisingly, energy availability has also been shown to influence 
fractionation factors. A limited number of studies have demonstrated that H2 
availability can impact the isotopic signature of CH4 produced during 
hydrogenotrophic methanogenesis (4 H2 + CO2  CH4 + 2 H2O), with larger 
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fractionation factors expressed when at low H2 concentrations (e.g. Valentine et 
al., 2004; Penning et al., 2005; Londry et al., 2008; Okumura et al., 2016). These 
types of experiments are extremely challenging to carry out.  While temperature 
and pressure can be manipulated in laboratory culture experiments, energy 
availability can be more difficult to reproduce. In most cases, these methanogens 
are found in environments with low H2 concentrations (10 – 100 Pa; Conrad et 
al., 1999; Sakai et al., 2009). However, most studies determining the isotopic 
fractionation factors expressed by methanogens have been determined in culture 
utilizing high partial pressure of H2 (400,000 Pa; Sakai et al., 2009).  
To our knowledge, only one study to date has shown the effect of H2 
availability on the isotopic signature of lipid biomarkers produced during 
methanogenesis (Londry et al., 2008). Lipids synthesized by Methanosarcina 
barkeri (M. barkeri) in the low H2 concentration experiments were depleted in 13C 
relative to those in the high H2 concentration experiments (Table. 1.1). This study 
was used to argue by Alperin and Hoehler (2009) that fractionation factors of 
lipid synthesis by methanogenic archaea may be larger than widely recognized. 
The study by Londry et al. (2008) did not quantify H2 concentrations, making it a 
challenge to determine a direct relationship between energy availability and 
isotopic discrimination. 
The present study investigated the importance of energy availability on 
the isotopic signatures of metabolic products and lipid biomarkers during 
hydrogenotropic methanogenesis. Specifically, this study aims to determine the 
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impact of H2 concentrations on the 13C fractionation factor between CO2 and 
lipids on Methanocaldococcus jannaschii (M. jannaschi). Samples were obtained 
from a series of experiments in which the obligate hydrogenotropic methanogen, 
M. jannaschi, was grown under high (~8,000 Pa) and low H2 (~1,500 – 2,700 Pa) 
concentrations. Understanding the fractionation factor of M. jannaschi under 
different H2 concentrations also provides new insight into the carbon cycle 





Table 1.1 Carbon fractionation factor of M. barkeri in abundant and limited H2 experiments from Londry et al., 2008. 
Control H₂ Environment 
δ¹³C value (‰) 
  
Fractionation factor (‰) 
CH4 CO2 
PMI 
(lipid biomarker)   ɛCO2-CH4 ɛCO2-PMI 
H₂  Abundant -76.6 -31.2 -50.7   49.2 20.5 






MATERIALS AND METHODS 
2.1 General methodology approach 
To determine the effect of H2 abundance on the fractionation of substrates 
to lipids, M. jannaschii were cultured under different H2 concentrations in a 2 L 
gas flow controlled chemostat bioreactor at 82°C in Dr. James F. Holden’s lab at 
the University of Massachusetts – Amherst (Topçuoğlu et al., in prep). The 
bioreactor was prepared with 1.5 L of media and 0.5 L of headspace (Figure 2.1). 
The culturing conditions are summarized in Table 2.1. M. jannaschii were 
cultured on high (~8,000 Pa) and low (~1,500 Pa – 2,700 Pa) H2 concentrations 
(Table 2.1). The average flow of culture medium in the high H2 concentration 
experiments was 19 ± 1.7 mL/min (n=3), and 7.7 ± 1.2 mL/min (n=3) in the low 
H2 concentration experiments (Topçuoğlu et al., in prep). The gas flow rate of the 
chemostat system was 139 ± 0.0 mL/min (n=3) in the high H2 concentration 
experiments and 148 ± 1.7 mL/min (n=3) in the low H2 concentration 
experiments (Topçuoğlu et al., in prep). While the concentrations of H2 changed 
between experiments, other factors such as temperature and pressure were held 
constant. M. jannaschii cells were pelleted by centrifugation and shipped to the 




were also collected and stored in gas tight containers for analysis of 𝛿13CDIC, 
𝛿13CCO2, and 𝛿13CCH4. 
 
2.2 Lipid analysis  
2.2.1 Isolation and characterization of lipids 
Cell pellets were freeze-dried overnight, ground with a clean spatula, and 
extracted three times by sonication in a centrifuge tube filled with 50 mL 3:1 
Dichloromethane:Methanol (DCM:MeOH). All glassware was combusted 
overnight at 500oC to remove organics. After sonication, the extracts were 
centrifuged and the supernatant was transferred to a separate vial. All extracts 
were combined and the solvent was evaporated to dryness in a rotary 
evaporator.  A maximum of 2 mL of 9:1 DCM:MeOH was added to dissolve the 
total extract which was then passed over Na2SO4 to remove water. The water-free 
extract was then separated into different fractions over SepraTM NH2 bulk-
packing (P/N 1001711653 572122 – U) silica column by eluting with solvents of 
increasing polarity (F1 = 5 mL of hexane, F2 = 6 mL of 3:1 Hexane:DCM, F3 = 7 
mL of 9:1 DCM:Acetone, F4 = 8 mL of 4% Formic acid in DCM). The apolar 
fraction (F1) was dried under N2, then re-dissolved in 50 µL of hexane for 
identification (Figure 2.2). 
2.2.2 GC-MS analysis of alkane/apolar fraction  
The apolar fraction was analyzed using an Agilent Technologies 5975 inert 




capillary column (30 m, 0.25 mm i.d., 0.25 µm film thickness, P/N 19091S – 
433UIE) using Helium (He) as the carrier gas. Samples were injected in pulse 
splitless mode. The GC oven was from an initial temperature of 70ºC, then 
heated to 150ºC at 15ºC per minute, then to 300ºC at 5ºC per minute. Peaks were 
quantified by comparison to a 5-point standard curve of a C7-C30 alkane series 
(P/N 49451 – U, Sigma Aldrich). 
2.2.3 GC-C-IRMS analysis of alkane/apolar fraction  
The isotopic analysis of biomarkers found in the apolar fraction was 
determined on a Thermo Scientific Gas Chromatograph-Combustion-Isotope 
Ratio Mass Spectrometer (GC-C-IRMS) equipped with an Agilent DB-5 fused 
silica column (30 m, 0.25 mm i.d., 0.25 µm film thickness) with He as the carrier 
gas. A Gerstel CIS – 6 inlet was held in pulse splitless mode during injection. The 
initial column inlet temperature program was at 40˚C then heated to 150˚C at 
16˚C per min, then to 300˚C at 12˚C per min, and held at 300˚C for 10 minutes. 
The temperature program of the GC oven was initially held at 45˚C for one 
minute then ramped to 130˚C at 40˚C per min, then ramped to 250˚C at 6˚C per 
min, then ramped to 290˚C at 2˚C per min, then ramped to 320˚C at 6˚C per min, 
and then held at 320˚C for six minutes. Each sample was injected in duplicate 
and compared with the known isotope ratio of an external n-alkane mixture that 
was obtained from Arndt Schimmelmann (Indiana University). To monitor 




sample injection. The error of analysis was determined by external standards and 
the standard deviation of multiple injections to be 0.2‰.  
2.3 Amino acids analysis  
2.3.1 Hydrolysis and derivatization of amino acids 
Pelleted cells were hydrolyzed with 6 M HCl (Ultrapure grade) with 1% of 
11 mM ascorbic acid under a nitrogen atmosphere at 110ºC for 20 hours 
(Henrichs, 1991; Figure 2.2). Hydrolized amino acid samples from cell biomass 
were derivatized by adding 0.5 mL of acidified isopropanol into each sample 
(Silfer et al., 1991). The samples then reacted at 110ºC for one hour on a hot plate. 
After cooling, they were dried under N2 at room temperature.  Samples were re-
dissolved in a volume of 0.5 mL of dichloromethane (CH2Cl2) and 0.5 mL of 
trifluoroacetic anhydride (TFAA). The solution was reacted again at 110ºC for 10 
minutes, dried under N2 and re-dissolved in 1mL of CH2Cl2.  
2.3.2 GC-C-IRMS analysis of amino acids 
The isotopic signatures of derivatized amino acids were determined on 
the GC-C-IRMS similar to above. The initial column inlet temperature program 
was at 40˚C then heated to 150 ˚C at 16 ˚C per min, then to 300˚C at 12˚C per min, 
and held at 300˚C for 10 minutes. The temperature program of the GC-C-IRMS 
was initially held at 45˚C for one minute then ramped to 130˚C at 40˚C per min, 
then ramped to 250˚C at 6˚C per min, then ramped to 290˚C at 2˚C per min, then 
ramped to 320˚C at 6˚C per min, and then held at 320˚C for six minutes. Each 




ratio of an external amino acid standard mixture. To monitor system 
performance, the external standard was analyzed every third sample injection. 
The standard deviation of multiple injections was generally <0.5‰ with the 
exception of alanine from the high H2 concentration experiments (0.7‰).  
 
2.4 GC-C-IRMS analysis of methane 
At the start (To) and end (Tf) of each growth experiment, 20 mL of the 
chemostat headspace was transferred in triplicate to evacuated Labco Exetainer® 
vials. The isotopic signatures of CH4 were determined on a Thermo Scientific Gas 
Chromatograph-Combustion-Isotope Ratio Mass Spectrometer (GC-C-IRMS) 
equipped with an Agilent GS – CarbonPlot column (30 m, 0.320 mm i.d., 1.50 µm 
film thickness). Isotopic signatures were determined using external CH4 
standards of known isotopic signatures (57.40 ± 0.06‰) that were obtained from 
Arndt Schimmelmann (Indiana University). The error of analysis was 
determined from external standards and the standard deviation of multiple 
injections was 0.3‰.  
 
2.5 GasBench – IRMS analysis of DIC 
At the start (To) and end (Tf) of each growth experiment, triplicate samples 
of dissolved inorganic carbon (DIC) were drawn from the media. DIC samples 
were filtered through a 2 µm filter. A volume between 0.8 mL and 1 mL of each 




flushed with He and contained 100 µL of phosphoric acid. Samples were 
analyzed by GasBench – IRMS. DIC standards were prepared in concentrations 
from 0.5 mM  to 7 mM using potassium bicarbonate and lithium carbonate of 
known isotopic composition (-38.1‰ and -1.1‰, respectively). The error of 
analysis was determined from external standards and the standard deviation of 
multiple injections to be 0.3‰.  
 
2.6 Isotopic fractionation factor calculations  
Carbon isotopic compositions are presented as 13C in the per mil notation 
(‰) relative to the VPDB standard (Vienna Pee Dee Belemnite):  
                                                    δ13C = ⌊
RSample
 RStandard
− 1⌋ × 103(‰)   
where R is the 13C/12C ratio and Rstandard is 0.0112372.  
 
The fractionation factors reported in this study are expressed using either 
the 𝛼 or  notation. The fractionation factor, 𝛼, is defined as the ratio between the 
isotopic ratio in the substrate and product. The  notation is used to express 
isotope fractionations in per mil (‰): 








   
                                   𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒−𝑝𝑟𝑜𝑑𝑢𝑐𝑡 = ( 𝛼𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒−𝑝𝑟𝑜𝑑𝑢𝑐𝑡 − 1)  × 10
3 (‰)   
where 𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 is the 13C/12C ratio of CO2 or DIC and 𝑅𝑝𝑟𝑜𝑑𝑢𝑐𝑡 is the 13C/12C 






Table 2.1 Summary of culturing conditions. M. jannaschii growth conditions in chemostat system. Data from 
Topçuoğlu et al., in prep.  
 
Culture experiment
















JHC922 80.0 20.0 139 2.73E+07 4.10E+10 452
JHC102 80.0 20.0 139 2.20E+07 3.30E+10 381
JHC113 80.0 17.0 139 2.44E+07 3.66E+10 475
Low H2
JHC1117 17.5 8.6 147 6.64E+06 9.96E+09 154
JHC1117 15.0 8.2 147 4.63E+06 6.84E+09 103







Figure 2.1 General diagram of a chemostat. The chemostat bioreactor 
comprises of a media reservoir pump, a chemostat vessel, an effluent tube, 
and a collecting receptacle. Adapted from Person Education.  
Fresh 
media
Adapted from Pearson Education
Gas 
Inflow













Figure 2.2 Cell pellet processing steps. M. jannaschii cell pellets were 







3.1 Growth experiment  
M. jannaschii cell were higher in high H2 concentration experiments (2.5 ± 
0.3 × 107 cell/mL) than in the low H2 concentration experiments (6.1 ± 1.3 
 × 106cell/mL) (Topçuoğlu et al., in prep; Table 2.1). Different growth rates were 
observed in high H2 and low H2 concentration experiments. In the high H2 
experiments, the growth rates were higher (1.1 ± 0.2 h-1) than in the low H2 
concentration experiments (0.5 ± 0.2 h-1). Cell-specific CH4 production rates in the 
high H2 experiments were also found to be higher (495.2 ± 63.2 fmol CH4 cell-1 h-
1) than in the low H2 experiments (129.6 ± 24.2 fmol CH4 cell-1 h-1). However, 
growth yields were found to be higher in the low H2 concentration experiments 
(0.15 ± 0.03 cell fmol CH4-1) than in the high H2 concentration experiments (0.04 ± 




3.2 Dissolved inorganic carbon (DIC) and methane (CH4) concentrations and isotopic 
compositions. 
Initial (To) and final (Tf) DIC concentrations were sampled in triplicate 
from the culture medium of high and low H2 concentration experiments (Table. 
3.1). In the high and low H2 concentration experiments, the initial average 
concentrations of DIC were identical 4.0 ± 0.1 mM (n=3). However, differences in 
the final average DIC concentrations were observed for high and low H2 
concentration experiments (two tailed t-test, t (2) = 12.7, p<.01). The final average 
DIC concentration was 4.4 ± 0.4 mM (n=3) in the high H2 concentration 
experiments. In the low H2 concentration experiments, the final average DIC 
concentration was 3.2 ± 0.5 mM (n=3).  
The initial and final isotopic compositions of DIC from the cell culture 
medium in high and low H2 concentration experiments are reported in Table 3.1. 
In the high H2 concentration experiments, the initial average δ13CDIC is identical 
to the initial average δ13CDIC in the low H2 concentration experiments (-31.5 ± 
0.2‰, n = 3; -32.3 ± 0.3‰, n= 3). In the low H2 concentration experiments, the 
final average δ13CDIC was slightly more depleted in 13C than in the high H2 
concentration experiments (-28.4 ± 3.0‰, n = 3; -25.0 ± 0.4‰, n = 3). 
Traditionally, microbial fractionation factors are reported using the fractionation 
factors between CO2(aq) and the end product. Using the relationship between DIC 




-35.0 ± 0.2‰ (To), -32.4 ± 3.0‰ (Tf, low H2 concentration), and -28. ± 0.4‰ (Tf, 
high H2 concentration). 
M. jannaschii produced CH4 during high and low H2 concentration 
experiments (Table. 3.1). Concentrations and isotopic composition of CH4 
(𝛿13CCH4) were measured by sampling the chemostat headspace. For both high 
and low H2 concentration experiments, the initial CH4 concentrations were 0.0 
µM (Topçuoğlu et al., in prep). Differences in CH4 productions over time were 
observed in high and low H2 concentration experiments. M. jannaschii produced 
significantly higher CH4 in the high H2 concentration experiments (65.8 ± 0.0 µM) 
than in the low H2 concentration experiments (7.5 ± 0.9 µM) (t (2) = 15.3, p<.01) 
(Topçuoğlu et al., in prep). The final average 𝛿13CCH4 in low H2 concentration 
experiments was more negative (-74.1 ± 0.5‰) than in the high H2 concentration 
experiments (-55.9 ± 0.8‰) (t (2) = 19.7, p<.01). The 𝛿13CCH4 in low H2 
concentration experiments were depleted in 13C by about 18.2 ± 0.9‰ relative to 
the high H2 concentration experiments. 
In the low H2 concentration experiments, the fractionation factor between 
substrate (CO2,aq) and product (CH4) was larger (CO2-CH4 = 45.1 ± 0.5 ‰) than in 
the high H2 concentration experiments (CO2-CH4 = 28.9 ± 0.8 ‰). 
 
3.3 Lipids in M. jannaschii growth experiment 
All lipid extracts of the M. jannaschii cultures contained a series of C30 




peaks in the apolar fraction decrease in molecular weight by m/z of 2 with 
increasing retention time, corresponding to the formation of a double bond from 
dehydrogenation. In the total ion chromatogram the peak at retention time 30.0 
minutes has a molecular ion of m/z 410, the molecular weight of squalene (C30:6). 
Earlier peaks have molecular ion peaks of m/z 412, 414, and 416 corresponding to 
fewer double bonds (C30:5; C30:4; C30:3, C30:2 respectively). In the high H2 
experiments, lipid extracts contained high abundances of pentahydrosqualene 
(C30:5).  
The weighted average of isotopic compositions of the C30 squalenoids 
series (𝛿13C∑Sq) was significantly different for high and low H2 concentration 
experiments (Table. 3.1). The 𝛿13C∑Sq in low H2 concentration experiments was 
more negative (-70.7 ± 2.0‰) than in high H2 concentration experiments (-57.5 ± 
0.9‰) (t (2) = 24.5, p<.01), a difference (Δδ) of 13.2 ± 2.2‰. Similar to what was 
observed in CH4 analysis, the fractionation factor between CO2 and lipids in the 
low H2 concentration experiments was also larger (CO2-lipids = 40.9 ± 2.0‰) than 
in the high H2 concentration experiments (CO2-lipids = 30.6 ± 0.9‰). 
 
3.4 Amino acids in M. jannaschii growth experiment 
The initial and final concentrations of total hydrolyzable amino acids 
(THAA) and total free amino acids (TFAA) of M. jannaschii in high and low H2 
concentration experiments were measured (Table 3.1). The final average THAA 




In the low H2 concentration experiments, final average concentrations of THAA 
and TFAA were 18.3 ± 2.5 µM and 5.2 ± 1.1 µM, respectively. In the high H2 
concentration experiments, final average concentrations of THAA and TFAA 
were 51.8 ± 22.1 µM and 12.5 ± 3.4 µM, respectively.  
Individual amino acids (AAs) measured in extracts from M. jannaschii 
grown in both high and low H2 concentration experiments were alanine (Ala), 
glysine (Gly), threonine (Thr), valine (Val), leucine (Leu), isoleucine (Iso), proline 
(Pro), glutamate (Glu), and phenylalanine (Phe) (Table 3.2). Within these 
individual AAs, Ala, Leu and Iso were the most depleted in 13C, while the most 
enriched in 13C were Thr, Pro and Phe in both high and low H2 concentration 
experiments (Table. 3.2). The weighted average isotope compositions of these 
amino acids were more depleted in 13C by 12.5‰ in the low H2 concentration 















To Tf To Tf To Tf To Tf CH4, Tf CO2(aq), To CO2(aq), Tf Amino acids ΣSq εCO2-CH4 εCO2-amino acids εCO2-lipids
H2 Abundant
JHC922 80.0 71.0 (±0.0) 4.3  (±0.1) 4.3  (±0.0) 0.5 11.6 n.d 72.3 -55.9 (±0.5) -35.1 (±0.2) -29.0 (±0.0) n.a -57.9 (±0.6) 28.5  (±0.5) n.a 30.7  (±0.6)
JHC102 80.0 68.0 (±0.0) 3.9  (±0.0) 4.5  (±0.4) 2.0 16.3 1.0 54.7 -55.9 (±0.3) -34.6 (±0.1) -28.2 (±0.4) n.a -57.0 (±0.7) 29.3  (±0.3) n.a 30.5  (±0.7)
JHC113 80.0 58.5 (±0.0) 4.0  (±0.0) 4.5  (±0.0) 1.5 9.6 7.3 28.4 -55.8 (±0.5) -35.2 (±0.0) -28.4 (±0.1) -53.7 (±0.7) b.d.l 29.0  (±0.5) 26.5 (±0.7) b.d.l
H2 Limited
JHC1117 17.5 7.0 (±0.0) 4.0 (±0.1) 3.1  (±0.1) 1.8 6.0 13.5 20.1 -75.7 (±0.3) -35.9 (±0.2) -33.3 (±0.3) n.a -70.4 (±0.0) 45.9 (±0.3) n.a 39.9  (±0.2)
JHC121 15.0 7.0 (±0.0) 3.7 (±0.0) 3.3  (±0.4) 1.8 4.5 13.9 16.5 -74.2 (±0.2) -35.7 (±0.2) -31.8 (±0.2) n.a b.d.l 45.8  (±0.3) n.a b.d.l
JHC129 27.5 8.5 (±0.0) 4.4 (±0.0) 3.3  (±0.2) n.d n.d n.d n.d -72.5 (±0.3) -35.8 (±0.0) -32.0 (±3.0) -66.2 (±0.5) -71.0 (±2.0) 43.7 (±0.3) 36.5 (±0.5) 42.0 (±2.0)
¹ Data from Topçuoğlu et al., in prep
b.d.l = below detection limit due to small sample size
n.d = not detected 
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Table 3.2 Summary of amino acids analysis. Isotope compositions of M. jannaschii amino acids in high and low H2 
experiments. 
 
Ala Gly Thr Val Leu Iso Pro Glu Phe
High H2
JHC113 -67.8 -54.4 -52.9 -53.3 -55.4 -54.3 -46.1 -39.9 -48.5
STDEV (n=4) 0.7 0.5 0.4 0.3 0.1 0.2 0.2 0.3 0.0
Low H2
JHC129 -76.2 -62.3 -58.9 -64.7 -68.7 -65.3 -53.3 -49.0 -59.5
STDEV (n=4) 0.4 0.2 0.3 0.4 0.2 0.5 0.2 0.3 0.5




Average δ¹³C value (‰)
-53.7
-66.2












Figure 3.1 M. jannaschii in low H2 concentration experiment chromatogram. GC/MS chromatogram displaying 



























Figure 3.2 M. jannaschii in high H2 concentration experiment chromatogram. GC/MS chromatogram displaying 
































4.1 Fractionation factor of methane (CH4) 
The isotopic composition of CH4 has been shown to depend, in part, on 
temperature, pressure and species (Table 4.1). The 𝛿13CCH4 signatures of 
Methanococcus vannielii, Methanothermococcus thermolithotrophicus, and 
Methanotorris igneus grown under low (T = 35°C) temperature were more 
negative (CO2-CH4 = 67.5‰) than the high (T = 85°C) temperature experiments 
(CO2-CH4 = 55.5‰) (e.g. Botz et al., 1996). A similar change in fractionation factors 
was also observed in the case of Methanopyrus kandleri cultivated under high and 
low pressures (CO2-CH4 = 34‰, CO2-CH4 < 12‰, respectively) (e.g. Takai et al., 
2008).  
Previous work has shown that the change in fractionation factors may 
have been due to changes in H2 concentrations and energy availability (Valentine 
et al., 2004; Penning et al., 2005; Londry et al., 2008). Changes in fractionation 
factors were observed in a set of culturing experiments with Methanothermobacter 
marburgensis grown in low H2 (CO2-CH4 = 64‰) versus high H2 concentration 
experiments (CO2-CH4 = 30‰) (Valentine et al., 2004). The same methanogen 




 64‰) and a smaller fractionation factor under nonlimited H2 conditions (CO2-CH4 
= 34 to 39‰; Penning et al., 2005). Similarly, another study by Londry et al. 
(2008) showed Methanosarchina bakeri (M. barkeri) grown under limited H2, had a 
larger fractionation factor (CO2-CH4 = 89‰) than in abundant H2 concentration 
experiments (CO2-CH4 = 49‰) (Table 1.2). Due to unspecified H2 concentration 
constraints in the M. barkeri culture experiment, a direct correlation between CO2-
CH4 and H2 concentrations could not be made. However, under coculture 
experiments, a good correlation was found between the catabolic ∆G of the 
methanogenic reaction and the CO2-CH4, where CO2-CH4 increased with decreasing 
in ∆G in the same incubation (r2 = 0.77) (Penning et al., 2005; Figure 4.1).  
 The fractionation patterns during hydrogenotrophic methanogenesis in 
high and low H2 concentration experiments observed in the present study are 
consistent with these previous results. The methanogen M. jannaschii showed a 
larger fractionation factor under low H2 than under high H2 concentration 
experiments (CO2-CH4 = 43.7 to 45.9‰, CO2-CH4 = 28.5 to 29.3‰, respectively). To 
examine the correlation between catabolic ∆G and the fractionation factor for 
CH4 synthesis in this study, ∆G values were calculated from the chemostat’s 
concentrations of CO2, H2 and CH4 and plotted against CO2-CH4 (Figure 4.1). There 
was a strong relationship between the catabolic ∆G and CO2-CH4, where 
increasing in ∆G resulted in a larger CO2-CH4 in the chemostat’s system (r2 = 0.94). 
These data match well with the previously reported relationship between ∆G 




4.2 Lipid composition of M. jannaschii 
Methanogenic archaea membrane lipid biomarkers consist of primarily 
two classes of compounds, isoprenoid hydrocarbons and alkylglycerol ether-
derived polar lipids (Tornabene et al., 1978; Kushwaha et al., 1981; Comita et al., 
1983; Langworthy et al., 1983). These compounds are chemically and thermally 
resilient over time and, therefore, have been found in various geological records 
in environments such as ancient seeps, and marine sediments. In apolar 
fractions, the presence of 2,6,10,15,19-pentamethylicosane (PMI), a tailed-to-
tailed linked isoprenoid hydrocarbon compound, has been determined to be a 
highly specific biomarker produced by methanogenic and methanotrophic 
archaea (Brasell et al., 1981; Risatti et al., 1984; Schouten et al., 1997). This 
compound is particularly abundant in the methanogen M. barkeri (Risatti et al., 
1984; Rowland et al., 1990). However, the relative amount of lipid structures in 
methanogenic archaea have been found to vary greatly, depending on the 
particular organism and the environments in which the methanogens were 
grown (Macalady et al., 2004; Koga and Morii, 2005; Ulrih et al., 2009). Aside 
from PMI, squalane has also been used as an indication of methanogenesis 
(Brassell et al., 1981). In common with other archaea, M. jannaschii synthesize 
isoprenoidal lipid biomarkers (Comita et al., 1984; Koga et al., 1993; Manquin et 
al., 2003). It has been reported to comprise mostly of the C30 isoprenoids (e.g. C30 
squalene and hydrosqualene derivatives; Figure. 3.1, 3.2) (Tornabene et al., 1979; 




extractions from M. jannaschii contained a series of C30 squalenoids (C30:2 < C30:3 < 
C30:4 < C30:5).  
 
4.3 Isotopic composition of lipid biomarkers 
There have been numerous studies on the isotopic composition of CH4 
during methanogenesis, especially in natural environments such as wetlands 
(e.g. Conrad et al., 2007; Conrad et al., 2009; Galand et al., 2010). However, 
knowledge of the isotopic composition and fractionation of lipid biomarkers 
during methanogenesis with different environmental conditions such as energy 
availability, are still very limited. So far, there has only been a couple of studies 
that examine the magnitude of substrate to lipids fractionation during 
methanogenesis with differing substrates and extents of energy availability (e.g. 
Summons et al., 1998; Londry et al., 2008). These studies determined that the 
fractionation factor between substrates and lipids can change drastically 
depending on the environmental conditions. However, the metabolic 
mechanisms for these changes in natural environments are still uncertain. To 
address this issue, studying methanogenesis in precisely controlled laboratory 
settings is crucial as it can provide more information about metabolic processes 
and allow for a more accurate interpretation of the isotopic signature of lipid 
biomarkers in natural environments.  
To date, only Londry et al. (2008) has shown the effect of H2 availability on 




methanogenesis. Londry et al. (2008) discovered that PMI synthesized by M. 
barkeri in limited H2 conditions were depleted in 13C compare to those in the 
abundant H2 conditions (CO2-PMI = 50.8‰; CO2-PMI = 20.5‰, respectively). 
However, the study did not report the in situ H2 concentration of both 
conditions, therefore, it is impossible to directly correlate CO2-PMI to H2 
concentration as well as the catabolic ΔG.  
Consistent with the previous study, our present study found that the total 
𝛿13C  signatures of lipid C30 squalenoids (𝛿13Csq) were more depleted in 13C 
under low versus high H2 concentration experiments (CO2-lipid = 39.9 to 42.0‰ vs 
30.5 to 30.7‰; Figure 4.2). In low and high H2 concentration experiments, the 
observed CO2-CH4 was slightly larger than CO2-lipid (CO2-CH4 = 45.1‰ vs CO2-lipid = 
41‰; CO2-CH4 =28.9‰ vs CO2-lipid = 30.6‰, respectively). The relationship 
between CO2-CH4 and ΔG is shown to be strongly correlated in this study (r2 = 
0.94) consistent with four other different methanogenic microbial species (r2 = 
0.77, e.g. Penning et al., 2005). Our results are the first to show a positive 
relationship between CO2-lipid and ΔG during hydrogenotrophic methanogenesis 
(Figure 4.2). This relationship is a particularly fascinating finding as it may 
eventually allow for the calculation of free energy available during 
hydrogenotrophic methanogenesis in natural settings where H2 concentrations 
are low.  
 




Most of the total organic material of living cells is composed of amino 
acids (AAs) (>40%) (Hayes, 2001). Examining the stable carbon isotope 
composition of individual AAs (𝛿13CAAs) provides information about biological 
processes in the environment (Hayes, 2001). Additionally, 𝛿13CAAs can also help 
explain the depletion as well as enrichment in 13C of other biosynthetic end 
products (i.e. lipids) (Hayes, 2001).  
The fractionation factors of weighted average isotope compositions of 
individual AAs (δ¹³CAA) were noticeably different under low and high H2 
concentration experiments (Δhigh-lowεCO2-AA), by 9.8‰. The change in fractionation 
factors between high and low H2 concentration experiments was similar for CO2-
lipids and CO2-AAs, but both were smaller than for CO2-CH4 (Δhigh-lowεCO2-lipids   
Δhigh-lowεCO2-AA < Δhigh-lowεCO2-CH4; 9.8‰  10.3‰ < 16.2‰). While δ¹³CAA has not 
been reported from methanogen cultures previously, this data can be compared 
to the isotopic composition of biomass, which is estimated to be within ~1‰ of 
AAs (Hayes, 2001). Interestingly, the substantial change in fractionation factors 
between high and low H2 concentration experiments is consistent with other 
studies in which CO2-biomass increased in conjunction with CO2-CH4 (Figure 4.2) 
(e.g. Penning et al., 2005).  
 
4.5 Fractionation due to energy availability in M. jannaschii metabolic pathway  
The change in δ¹³CCH4, δ¹³Clipids and δ¹³CAAs under high and low H2 




in the metabolic pathway during methanogenesis (Valentine et al., 2004; Penning 
et al., 2005; Londry et al., 2008; Figure 4.3). Valentine et al. (2004) hypothesized 
that differences in isotopic composition of CH4 under different H2 concentrations 
is due to the fact that enzymatic steps in the metabolic pathway that produces 
CH4 are reversible. Therefore, the isotopic signature of intermediate compounds 
is influenced by both forward and reverse reactions. Under high H2 
concentrations (high ∆G), reverse reactions are less likely to occur and 
fractionation are minimized. In contrast, under low H2 concentrations (low ∆G), 
the reverse reactions can be significant and increase the fractionation factors.  
Alternatively, the isotopic composition of the biosynthetic products could 
be due to “the division of carbon flows at branch points [that] can strongly affect 
isotopic composition downstream” (Hayes, 2001). For hydrogenotrophic 
methanogens, one critical branch point is at the fifth step where acetyl-CoA is 
synthesized as a starting material for growth (Figure 4.4). For example, if more 
carbon flows to biomass instead of CH4, the isotopic composition of all final 
products will be altered (Hayes, 2001). In the high-H2 experiments, 
approximately 4 times more CH4 is synthesized per cell than in the low-H2 
experiments (26.3 vs 6.3 fmol CH4 cell-1) (Topçuoğlu et al., in prep; Table 3.3).  
Finally, a third alternative may account for the differences in the final 
isotopic abundances of CH4, amino acids, and lipids. The first step of the 
biosynthetic pathway is the uptake of CO2 into the cell. In C3 photosynthetic 




can occur with a substantial preference of 12C over 13C (O’Leary et al., 1981). 
Further, the extent of this discrimination can depend strongly on the rate of 
diffusion into the cell (O’Leary et al., 1981; Henderson et al., 1992). A similar 
process that differentially discriminates between the uptake of 13CO2 and 12CO2 
in methanogenic cultures under different energy environments would also 
impact the ultimate isotopic signatures of biosynthetic products.  
Determining the degree to which each of these processes influences the 
13C signatures of CH4, amino acids, and lipids will require modeling the carbon 
and isotopic abundances of the cultures.  This will ultimately allow an improved 









Table 4.1 Compilation of carbon isotope fractionation factors for hydrogenotrophic methanogenesis. Data 






(°C) ƐCO 2-CH4 ƐCO 2-lipids ƐCO 2-biomass Reference
Methanobacterium fromcicum high gassing n.r 21 n/a n/a Zyakun et al., 1988
Methanosarcina barkeri abundant 36 49.2 20.5 14.6 Londry et al., 2008
Methanosarcina barkeri 8 x 10
4 37 58 n/a n/a Whiticar 1999
Methanosarcina barkeri 8 x 10
4 40 45 n/a n/a Games et al., 1978
Methanocaldococcus jannaschii 8 x 10
3 83 28.9 30.6 27.5* Present study
Methanothermobacter marburgensis 8 x 10
4 65 34 n/a n/a Fuchs et al., 1979
Methanothermobacter marburgensis 8 x 10
4 65 28.2 n/a n/a Valentine et al., 2004
Methanothermobacter marburgensis limited 65 62 n/a n/a Penning et al., 2005
Methanobacterium thermautotrophicum 2.4 x 10
5 65 23 n/a n/a Games et al., 1978
Methanopyrus kandleri 4 x 10
7 120 15.1 n/a n/a Takai et al., 2008
Methanobacterium fromcicum low gassing n.r 69 n/a n/a Zyakun et al., 1988
Methanosarcina barkeri limited 36 89.1 50.8 16.3 Londry et al., 2008
Methanosarcina barkeri 8 x 10
4 20 77 n/a n/a Whiticar 1999
Methanosarcina barkeri 8 x 10
4 36 49 n/a n/a Krzycki et al., 1987
Methanocaldococcus jannaschii 8 x 10
3 83 45.1 41 31.6* Present study
Methanothermobacter marburgensis 310 65 55.8 n/a n/a Valentine et al., 2004
Methanothermobacter marburgensis non limited 65 34 n/a n/a Penning et al., 2005
Methanopyrus kandleri 4 x 10
5 120 30.5 n/a n/a Takai et al., 2008
*Data ±1‰ from ƐCO2-amino acids (Hayes, 2001)
n.r = not reported













Figure 4.1 α – ΔG relation in cocultures of H2-producing fermenting and H2-
consuming methanogenic microorganism adopted from Penning et al., 2005. 
Data showing strong correlation between αCO2-CH4 and ΔG. M. jannaschii in high 





Figure 4.2 α – ΔG relation of M. jannaschii under high and low H2 
concentration experiments. Data showing strong correlation between αCO2-



































Figure 4.3 CO2-biomass versus CO2-CH4 for autotrophic methanogenic archaea 
from Alperin and Hoehler., 2009. Data showing correlation between CO2-biomass 
and CO2-CH4.  M. jannaschii in high (  ) and low (  ) H2 concentration, 
respectively (present study). Using the assumption that the isotopic 
composition of amino acids is within ~1‰ of total biomass (Hayes, 2001). The 







Figure 4.4 Methanogenesis pathway and potential role of differential 
reversibility. Diagram adopted and modified from Zhu et al. (2003) and 
Londry et al. (2008) 
1. Formyl-methanofuran (formyl-MF), a membrane-bound protein complex, is 
formed using CO2. The enzyme formyl-methanofuran dehydrogenase (FMD) 
catalyzes (1).  
2. Formyl-tetrahydromethanopterin (formyl-H4MPT) is produced by transferring the 
formyl group on the formyl-MF. Formyl-MF:H4MPT formyl transferase (FTR) 
catalyzes (2) 
3. Formyl-H4MPT is reduced to methenyl-H4MPT. The enzyme involved in (3) is 
H4MPT cyclohydrolase (MCH) 
4. Coenzyme F420-dependent, N5, N10-methylene-H4MPT dehydrogenase (MTD), and 
the other is an H2-dependent, H2-forming N5-N10-methylene-H4MPT dehydrogenase 
(HMD). The product molecule in (4) is methylene-H4MPT. N5. N10-methylene-
H4MPT reductase (MER) is coenzyme F420-dependent.  
5. MER catalyzes the production of methyl-H4MPT from methylene-H4MPT. A 
branching point exist at methylene-H4MPT, which can be reacted with carbon 
monoxide dehydrogenase (CODH) to produce acetyl-CoA instead of methyl- 
H4MPT. Acetyl-CoA is starting material for biomass production, including 
pyruvate, lipids, sugars, and amino acids 
6. Methyl S-coenzyme M (methyl-S-CoM) is synthesized with the catalysis of the 
transmembrane enzyme complex, methyl-H4MPT:Coenzyme M methyltransferase 
(MTR).  






The present study has shown that the fractionation factor of substrate to 
lipid during hydrogenotrophic methanogenesis of the methanogen M. jannaschii 
can be altered under different levels of energy availability. Larger fractionation 
factors between CO2 and lipids, CH4, and amino acids is demonstrated under 
limited energy availability. Specifically, the fractionation factors between 
substrate and metabolic products of methanogens are strongly correlated to the 
Gibbs free energy of catabolism. This result is particularly significant as the 
positive relationship between the fractionation factor for CO2 – lipid and ∆G has 
not been previously shown. This finding can help determine the likely 
fractionation factor that would apply to natural systems, and assist in 
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Table A.1 Amino acid analysis. Details of amino acid isotopic composition 
from M. jannaschii high and low H2 concentration experiments. 
 
Ala Gly Thr Val Leu Iso Pro Glu Phe
High H2
JHC113 -69.2 -54.4 -51.2 -52.6 -55.5 -53.9 -45.7 -39.6 -48.3
JHC113 -66.1 -56.9 -52.3 -52.8 -55.3 -54.0 -46.0 -41.1 -48.4
JHC113 -65.2 -52.1 -53.5 -53.6 -55.3 -54.5 -46.6 -39.7 -48.3
JHC113 -70.8 -54.4 -54.7 -53.9 -55.5 -54.6 -46.0 -39.3 -48.3
Low H2
JHC129 -77.1 -62.5 -57.7 -63.3 -68.1 -64.3 -52.7 -48.4 -60.7
JHC129 -74.0 -62.2 -58.9 -65.0 -69.1 -65.3 -53.0 -48.3 -58.9
JHC129 -75.5 -61.4 -59.9 -64.9 -68.9 -65.1 -53.5 -48.8 -58.5









Table A.2 DIC analysis. Details of DIC concentration and isotopic 
composition from M. jannaschii high and low H2 concentration experiments. 
 
To Tf To Tf To Tf
High H2
JHC922 4.4 4.1 -31.6 -25.5 -35.1 -29.0
JHC922 4.4 4.1 -31.9 -25.5 -35.4 -29.0
JHC922 4.3 4.1 -31.5 -25.5 -35.0 -29.0
Average 4.3 4.1 -31.6 -25.5 -35.1 -29.0
STDEV 0.1 0.0 0.2 0.0 0.2 0.0
JHC102 3.9 4.8 -31.1 -24.5 -34.6 -28.0
JHC102 3.9 4.0 -31.2 -25.1 -34.7 -28.6
JHC102 3.9 4.6 -31.2 -24.4 -34.7 -27.9
Average 3.9 4.5 -31.2 -24.6 -34.6 -28.2
STDEV 0.0 0.4 0.1 0.4 0.1 0.4
JHC113 4.0 4.5 -31.7 -24.9 -35.2 -28.4
JHC113 4.0 4.5 -31.7 -24.9 -35.2 -28.4
JHC113 4.1 4.4 -31.7 -24.7 -35.2 -28.2
Average 4.0 4.5 -31.7 -24.8 -35.2 -28.4
STDEV 0.0 0.0 0.0 0.1 0.0 0.1
Low H2
JHC1117 4.1 3.1 -32.6 -30.2 -36.1 -33.7
JHC1117 3.9 3.2 -32.2 -29.5 -35.7 -33.0
JHC1117 4.1 3.0 -32.4 -29.8 -35.9 -33.3
Average 4.0 3.1 -32.4 -29.8 -35.9 -33.3
STDEV 0.1 0.1 0.2 0.3 0.2 0.3
JHC121 3.7 3.4 -32.1 -28.5 -35.6 -32.0
JHC121 3.8 2.9 -32.5 -28.4 -36.0 -31.9
JHC121 3.7 3.7 -32.1 -28.1 -35.6 -31.6
Average 3.7 3.3 -32.2 -28.3 -35.7 -31.8
STDEV 0.0 0.4 0.2 0.2 0.2 0.2
JHC129 4.4 3.2 -32.3 -26.4 -35.8 -29.9
JHC129 N/A 3.5 N/A -30.7 N/A -34.1
Average 4.4 3.3 -32.3 -28.5 -35.8 -32.0
STDEV 0.0 0.2 0.0 3.0 0.0 3.0
JHC216 3.6 2.9 -28.9 -27.5 -32.4 -31.0
JHC216 3.5 2.9 -29.3 -26.7 -32.8 -30.2
JHC216 3.6 2.9 -29.1 -26.8 -32.6 -30.3
Average 3.6 2.9 -29.1 -27.0 -32.6 -30.5
STDEV 0.1 0.0 0.2 0.4 0.2 0.4
* calculated from DIC from Mook et al., 1974 ɛ = -3.6 at 82
o
C
 δ¹³CCO 2 ,aq (‰)*Culture 
experiment 





Table A.3 Methane analysis. Details of CH4 concentration and isotopic 









JHC922, rep 1 0.0 71.0 N/A -55.8
JHC922, rep 2 0.0 71.0 N/A -56.5
JHC922, rep 3 0.0 71.0 N/A -55.4
Average 0.0 71.0 N/A -55.9
STDEV 0.0 0.0 N/A 0.5
JHC102, rep 1 0.0 68.0 N/A -56.2
JHC102, rep 2 0.0 68.0 N/A -55.6
JHC102, rep 3 0.0 68.0 N/A -55.9
Average 0.0 68.0 N/A -55.9
STDEV 0.0 0.0 0.3
JHC113, rep 1 0.0 58.5 N/A -55.3
JHC113, rep 2 0.0 58.5 N/A -56.2
JHC113, rep 3 0.0 58.5 N/A -55.8
Average 0.0 58.5 N/A -55.8
STDEV 0.0 0.0 0.5
Low H2
JHC1117, rep 1 0.0 7.0 N/A -76.0
JHC1117, rep 2 0.0 7.0 N/A -75.5
JHC1117, rep 3 0.0 7.0 N/A -75.6
Average 0.0 7.0 N/A -75.7
STDEV 0.0 0.0 N/A 0.3
JHC121, rep 1 0.0 7.0 N/A -74.4
JHC121, rep 2 0.0 7.0 N/A -74.3
JHC121, rep 3 0.0 7.0 N/A -74.0
Average 0.0 7.0 N/A -74.2
STDEV 0.0 0.0 N/A 0.2
JHC129, rep 1 0.0 8.5 N/A -72.8
JHC129, rep 2 0.0 8.5 N/A -72.3
Average 0.0 8.5 N/A -72.5
STDEV 0.0 0.0 N/A 0.3
JHC216, rep 1 0.0 N/A N/A -70.8
JHC216, rep 2 0.0 N/A N/A -71.3
JHC216, rep 3 0.0 N/A N/A -71.8
Average 0.0 N/A N/A -71.3
STDEV 0.0 N/A N/A 0.5
N/A = not analyzed 
1
Data from Topçuoğlu et al., in prep
δ¹³C value (‰)Culture 
experiment 
CH4 concentration (mM)
1
